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ABSTRACT

Alphaviruses are known to possess a unique viral mRNA capping mechanism involving the viral nonstructural protein nsP1.
This enzyme harbors methyltransferase (MTase) and nsP1 guanylylation (GT) activities catalyzing the transfer of the methyl
group from S-adenosylmethionine (AdoMet) to the N7 position of a GTP molecule followed by the formation of an m7GMP-
nsP1 adduct. Subsequent transfer of m7GMP onto the 5= end of the viral mRNA has not been demonstrated in vitro yet. Here we
report the biochemical characterization of Venezuelan equine encephalitis virus (VEEV) nsP1. We have developed enzymatic
assays uncoupling the different reactions steps catalyzed by nsP1. The MTase and GT reaction activities were followed using a
nonhydrolyzable GTP (GIDP) substrate and an original Western blot assay using anti-m3G/m7G-cap monoclonal antibody, re-
spectively. The GT reaction is stimulated by S-adenosyl-L-homocysteine (Ado-Hcy), the product of the preceding MTase reac-
tion, and metallic ions. The covalent linking between nsP1 and m7GMP involves a phosphamide bond between the nucleotide
and a histidine residue. Final guanylyltransfer onto RNA was observed for the first time with an alphavirus nsP1 using a 5=-
diphosphate RNA oligonucleotide whose sequence corresponds to the 5= end of the viral genome. Alanine scanning mutagenesis
of residues H37, H45, D63, E118, Y285, D354, R365, N369, and N375 revealed their respective roles in MT and GT reactions. Fi-
nally, the inhibitory effects of sinefungin, aurintricarboxylic acid (ATA), and ribavirin triphosphate on MTase and capping reac-
tions were investigated, providing possible avenues for antiviral research.

IMPORTANCE

Emergence or reemergence of alphaviruses represents a serious health concern, and the elucidation of their replication mecha-
nisms is a prerequisite for the development of specific inhibitors targeting viral enzymes. In particular, alphaviruses are able,
through an original reaction sequence, to add to their mRNA a cap required for their protection against cellular nucleases and
initiation of viral proteins translation. In this study, the capping of a 5= diphosphate synthetic RNA mimicking the 5= end of an
alphavirus mRNA was observed in vitro for the first time. The different steps for this capping are performed by the nonstruc-
tural protein 1 (nsP1). Reference compounds known to target the viral capping inhibited nsP1 enzymatic functions, highlighting
the value of this enzyme in antiviral development.

Emergence or reemergence of alphaviruses represents a serious
health concern, as exemplified by the worldwide epidemics of

Chikungunya virus during the last 10 years (1). The Alphavirus
genus comprises 31 species that together with the genus Rubivirus
forms the Togaviridae family. Alphaviruses have been classified on
the basis of their geographical distribution. Alphaviruses circulat-
ing in the Old World (OW) most commonly cause febrile illness
and painful arthralgias or polyarthralgias, particularly in the small
joints (2). In contrast, New World (NW) alphaviruses target the
central nervous system, except Mayaro virus, which is considered
an arthritogenic agent like OW alphaviruses (3). Among NW al-
phaviruses, Venezuelan equine encephalitis virus (VEEV) is an
important pathogen present in the Americas from Texas to Argen-
tina (4, 5). In 1995, a major outbreak in Venezuela and Colombia
resulted in roughly 100,000 human cases, with more than 300 fatal
encephalitis cases (6). Other epidemics have since been reported,
indicating that VEEV still represents a serious public health prob-
lem (7). Moreover, it is noteworthy that VEEV infection symp-
toms resemble those of dengue fever, leading to an underestima-
tion of the number of cases related to this virus in the regions
where both dengue virus and VEEV circulate (8). In humans,
while the overall mortality rate is low (�1%), neurological dis-

ease, including disorientation, ataxia, mental depression, and
convulsions, can be detected in up to 14% of infected individuals,
especially children (9). Neurological sequelae in humans are also
common (10). An attenuated vaccine strain exists, consisting of
either a living or inactivated form of the virus. Although it showed
efficacy in protecting equines by decreasing viral amplification, it
did not contain VEEV outbreaks. Moreover, the vaccine showed
important adverse effects in humans and failed to be completely
protective (11).
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Antiviral drugs against VEEV are lacking, and antiviral com-
pounds in development are still at the first stages of evaluation
(12–14). In this context, a better understanding of how viral
mRNA is transcribed and capped is essential for the development
of screening tools for agents against VEEV and other alphaviruses.

To date, the mRNA capping mechanism in alphaviruses has
been studied only for OW viruses, such as Sindbis virus (SINV) or
Semliki Forest virus (SFV). Alphavirus mRNAs bear a cap-0 struc-
ture [m7G(5=)ppp(5=)N] at the 5= end. This structure is essential
for mRNA translation and prevents viral mRNA from degradation
by cellular 5= exonucleases. Unlike other (�) single-strand RNA
viruses such as flaviviruses, the first RNA nucleotide is not meth-
ylated at its 2=O position. Despite this absence of 2=O methylation,
it is likely that viral RNA are barely detected by innate immune
sensors since a short viral RNA structure prevents their recogni-
tion as non-self RNA (15).

The alphavirus RNA capping mechanism is not fully unrav-
eled. It supposedly requires an unconventional sequence of four
reactions (capping mechanisms reviewed in reference 16): (i)
methylation (via methyltransferase [MTase]) of GTP into m7GTP
(GTP � S-adenosylmethionine [AdoMet]¡m7GTP � S-adeno-
syl-L-homocysteine [AdoHcy]), (ii) guanylylation (GT) of non-
structural protein 1 (nsP1) by m7GMP, releasing pyrophosphate
(m7GTP � nsP1¡ m7GMP-nsP1 � PPi), (iii) 5=-triphosphate
RNA dephosphorylation (RTPase activity) into 5=-diphosphate
RNA (pppRNA � RNA triphosphatase ¡ ppRNA � Pi), and (iv)
transfer of m7GMP onto 5=-diphosphate RNA to produce the final
capped RNA product m7G(5=)ppp(5=)N (ppRNA � m7GMP-
nsP1 ¡ m7G(5=)ppp(5=)RNA).

The alphavirus MTase activity of nsP1 was first identified in a
SINV nsP1 mutant replicating in insect cells depleted of methio-
nine, the precursor of AdoMet (17). The MTase activity of the
SINV and SFV nsP1 was next confirmed by in vitro enzymatic
assays (18, 19). Critical residues for the MTase activity were then
identified by comparative sequence analysis, which demonstrated
that this enzyme is conserved in the alphavirus-like supergroup
(20). In contrast to most viral MTases, the substrate of nsP1 is
unlikely to be the cap structure present at the 5= end of RNA but
rather a GTP molecule which becomes methylated at its N7 posi-
tion (m7GTP). The m7GTP is then used for the guanylylation of
nsP1 (m7GMP-nsP1), with concomitant release of inorganic py-
rophosphate (21). Chemical stability, site-directed mutagenesis,
and sequence conservation studies suggest that the amino acid
residue bound to m7GMP is histidine 38 of SFV nsP1 (22, 23). In
addition, SFV nsP1 activity was also shown to be dependent on
membrane association (24). This interaction is mediated by an
amphipathic helix located in the middle of the nsP1 sequence (25).
The helix contains hydrophobic amino acids that can interact with
acyl groups of the membrane and a cluster of positively charged
residues that contact the phospholipid polar heads (26). Several
palmitoylated cysteines of nsP1 were also proposed to contribute
to membrane binding and cellular localization of the replication
complex (27, 28). However, SINV nsP1 and SFV nsP1 expressed as
recombinant proteins in Escherichia coli remain catalytically active
for methylation of GTP and covalent binding to nsP1, suggesting
that this posttranslational modification, which cannot occur in
bacteria, has probably a limited effect on both MTase and guany-
lylation activities of nsp1 (18, 29). In addition, nsP1 is probably
not the only viral nsP involved in the capping mechanism. The
N-terminal region of nsP2, which was predicted to carry a helicase

domain (30, 31), displays both nucleotide and RNA triphospha-
tase activities and is therefore a good candidate for the catalysis of
the third step of the capping (32, 33). The last step of the capping
reaction, which is the guanylyltransfer of m7GMP linked to nspP1
onto RNA, has not yet been experimentally demonstrated for the
alphavirus family. This last step (step iv), however, has been dem-
onstrated in vitro using the capping enzyme of bamboo mosaic
virus (BaMV), a member of the alphavirus-like group (34). Thus,
despite extensive studies on OW alphavirus nsP1, the capping
mechanism is ill defined, a statement especially valid for NW al-
phaviruses such as VEEV.

Here we report the first demonstration of a functional RNA
capping reaction displayed by NW alphavirus nsP1. In this study,
we use a purified recombinant protein to dissect the MTase activ-
ity and m7GMP covalent binding properties of VEEV nsP1, as well
as the guanylyltransfer of m7GMP on a 5=-diphosphate RNA. Us-
ing an original immunoassay to uncouple MTase activity from
GTP binding reactions, we deciphered by means of site-directed
mutagenesis the respective roles of conserved amino acids in the
RNA capping pathway. Finally, we used nsp1-associated MTase,
GT, and RNA capping activities to assess the effect of known RNA
capping inhibitors.

MATERIALS AND METHODS
Chemicals. General chemicals such as GTP, m7GTP, m7GDP, S-adeno-
syl-L-homocysteine (AdoHcy), aurintricarboxylic acid (ATA), sinefun-
gin, and guanylyl-imido-diphosphate (GIDP) were purchased from
Sigma, and ribavirin triphosphate was from Jena Biosciences. m7GpppG,
m7GpppA, and S-adenosylmethionine (AdoMet) were from New Eng-
land Biolabs, whereas S-adenosyl-[methyl-3H]methionine, [�-32P]GTP,
[�-32P]ATP, and [�-32P]GTP are products of PerkinElmer and [�-
32P]GTP was from Bioactif.

Expression and purification of VEEV nsP1 wt and mutants. The
codon-optimized DNA encoding nsP1 of VEEV (strain P676, amino acid
1 to 535) was synthesized by GenScript. The DNA sequence was cloned
into the expression vector pET28b (Novagen) to enable the fusion of a
6�His tag at the C terminus of nsP1. Site-directed mutagenesis was per-
formed using the QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA). All constructs were confirmed by DNA sequencing. The
proteins (wild type [wt] and mutants) were then produced in E. coli Ro-
setta pLysS (DE3) (Novagen) cells. Expression was induced for 2.5 h at
25°C in Terrific Broth medium with 0.5 mM isopropyl-�-D-thiogalacto-
pyranoside (IPTG) after the optical density at 600 nm (OD600) of the
cultures reached 0.6. Cells were harvested by centrifugation at 5,000 � g
for 10 min. The cell pellets were then resuspended in lysis buffer (20 mM
Tris [pH 7.5], 100 mM NaCl, 5% glycerol) supplemented with 5 mM
�-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 10 mM benz-
amidine, 10 �g/ml of DNase I, and 0.25 mg/ml of lysozyme prior to
sonication. After centrifugation for 30 min at 16,000 � g, the soluble
fraction was purified by immobilized-metal affinity chromatography
(IMAC) on a 5-ml His TrapFF crude column (GE Healthcare). The pro-
teins were eluted in a buffer containing 50 mM Tris (pH 7.5), 300 mM
NaCl, and 250 mM imidazole and then desalted and concentrated using
an Ultrafree-30 centrifugal filter unit (Millipore) in a buffer containing 20
mM Tris (pH 7.5), 100 mM NaCl, and 10% glycerol. Proteins were further
purified onto a HiTrap heparin column (GE Healthcare) equilibrated
with 20 mM Tris (pH 7.5), 100 mM NaCl, and 10% glycerol. The elution
was performed using a salt gradient from 100 to 500 mM NaCl. Elution
occurred with approximately 300 mM NaCl.

Formation of the covalent nsP1-m7GMP intermediate (MTase and
GT). The standard reactions were carried out at 30°C for different incu-
bation times ranging from 0 to 180 min in 20-�l reaction solutions, each
containing 5 �M enzyme, 5 �Ci of [�-32P]GTP (83 nM), 50 mM Tris (pH
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7.0), 2 mM dithiothreitol (DTT), 10 mM KCl, 2 mM MgCl2, and 100 �M
AdoMet, unless otherwise stated, following previously described proto-
cols (22). The reaction was stopped by adding Laemmli sample buffer,
followed by 2 min of heating at 95°C. The reaction mixture was resolved
by 10% SDS-PAGE, and radiolabeled proteins were visualized by autora-
diography (Fujifilm FLA-3000). The number of photostimulated lumi-
nescence events (PSL-BG) per square millimeter was determined using
Image Gauge 4.0. Based on the time course experiment results, 1 h of
incubation was chosen to analyze AdoMet concentration, pH, and diva-
lent ion dependence.

Methyltransferase assay. The methylation reaction mixture contain-
ing 50 mM Tris (pH 7.0), 2 mM DTT, 10 mM KCl, 2 mM MgCl, 2 mM
GTP or GIDP, 0.55 �Ci of S-adenosyl-[methyl-3H]methionine (0.33
�M), 10 �M AdoMet, and 5 �M enzyme was incubated at 30°C for dif-
ferent periods ranging from 0 to 120 min. The reaction was stopped by the
addition of an equal volume of 0.2% SDS and 20 mM EDTA, and then the
samples were loaded on DEAE-cellulose filters (PerkinElmer). Unincor-
porated label was removed by washing the filters twice with 20 mM am-
monium formate, once with H2O, and once with absolute ethanol. The
filters were dried, and the radioactivity was measured by scintillation
counting with SCINT BETAPLATE solution in a Wallac MicroBeta Trilux
1450 counter (PerkinElmer) (18).

Immunoblotting of nsP1 guanylylation reaction. Typical reactions
were performed for 1 h at 30°C in buffer 50 mM Tris (pH 7.0), 10 mM
NaCl, 2 mM MgCl2, 2 mM DTT, 10 �M m7GTP, 100 �M AdoHcy, and 5
�M nsP1. Then, reactions were stopped after 1 h of incubation with
Laemmli sample buffer, followed by 2 min of heating at 95°C, and then the
products were subjected to 10% SDS-PAGE. Proteins were then trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Amersham Hy-
bond-P). The latter was blocked overnight at 4°C in 5% (wt/vol) skim
milk solution in TBS-Tween (50 mM Tris [pH 7.6[, 150 mM NaCl, 0.1%
[vol/vol] Tween) and subsequently incubated for 1 h at room temperature
(RT) with a 1:1,000 dilution of reconstituted anti-m3G/m7G-cap mono-
clonal antibody (Synaptic Systems, Göttingen, Germany). After 3 washes
of 10 min each in the TBS-Tween solution, the membrane was incubated
with a secondary peroxidase-conjugated rabbit anti-mouse antibody (Sig-
ma; number A9044) at a dilution of 1:2,000 in TBS at RT for 1 h and then
rinsed sequentially twice for 10 min with TBS-Tween and once for 10 min
with TBS. The immunoreactive proteins were revealed by the ECL detec-
tion system (Pierce ECL Western blotting substrate; Thermo Scientific)
and detected using a Kodak Image Station 4000MM Pro (Carestream
Health, Inc.). The signal was quantified using ImageJ software as previ-
ously described (35). For inhibition assays, half-maximal inhibitory con-
centrations (IC50s) were determined using a logistic equation with Sigma-
plot software.

Chemical stability of the nsP1-m7GMP complex. The guanylylation
was carried out at 30°C for 2 h in a 20-�l solution that contained 5 �M
enzyme, 25 �Ci of [�-32P]GTP (415 nM), 50 mM Tris (pH 7.0), 2 mM
DTT, 10 mM KCl, 2 mM MgCl2, and 100 �M AdoMet. The reaction was
stopped by the addition of 1 �l of 0.5 M EDTA and 1 �l of 10% SDS.
Two-microliter aliquots of the reaction mixture were incubated with 20 �l
of various reagents (0.1 M Tris-HCl buffer [pH 7.5], 0.1 M HCl, 0.1 M
NaOH, and 0.1 or 1 M hydroxylamine [pH 7.5]) at 37°C for 45 min. After
the incubation, the acidic and alkaline solutions were immediately neu-
tralized by the addition of 2 �l of 1 M NaOH and HCl, respectively. The
samples were chilled on ice, mixed with Laemmli sample buffer, and sub-
sequently analyzed by 10% SDS-PAGE followed by autoradiography.

Synthesis of RNA substrates. RNA sequence AUGGGCGGCGC
AAGA was chemically synthesized on a solid support using an ABI 394
synthesizer (36). After RNA assembly with 2=-O-pivaloyloxymethyl phos-
phoramidite monomers (Chemgenes, USA) (37), the 5=-hydroxyl group
was phosphorylated and the resulting H-phosphonate derivative was ox-
idized and activated into a phosphoroimidazolidate derivative to react
with either phosphoric acid (for ppRNA synthesis) or pyrophosphate (for
pppRNA) (38). To prepare monophosphate RNA (pRNA), the 5=-H-

phosphonate RNA was treated with a mixture of N,O-bis-trimethylacet-
amide (0.4 ml), CH3CN (0.8 ml), and triethylamine (0.1 ml) at 35°C for 15
min and then oxidized with a tert-butyl hydroperoxide solution (5 M to 6
M in decane, 0.4 ml; 35°C, 15 min). After deprotection and release from
solid support with an aqueous ammonia solution (28%, 3 h, RT), phos-
phorylated RNAs were purified by ion exchange (IEX)– high-perfor-
mance liquid chromatography (HPLC) (purity 	 95%) and characterized
by matrix-assisted laser desorption ionization–time of flight (MALDI-
TOF) spectrometry.

Cy-5-labeled RNA binding assays. The 5= end of the VEEV RNA ge-
nome, corresponding to the sequence 5=-AUGGGCGGCGCAAGA-3=,
was labeled with cyanine 5-cytidine-5=-phosphate-3=-(6-aminohexyl)
phosphate (Jena Biosciences; NU1706) by a ligation reaction. RNA and
pCpCy5 were incubated in the presence of ATP for 16 h at 16°C in the dark
with 80 U of T4 ligase 1 (Biolabs). T4 RNA ligase was removed with
StrataClean resin (Agilent Technologies), and Cy5-labeled RNA was sep-
arated from unincorporated Cy5 dye by centrifugation through a Micro-
Spin G-25 column (GE Healthcare). Fluorescence polarization (FP) mea-
surements were performed in a microplate reader (PHERAstar FS; BMG
Labtech) with an optical module equipped with polarizers and using ex-
citation and emission wavelengths of 590 and 675 nm, respectively.

Equilibrium binding data were subjected to a nonlinear, least-squares
analysis using the single-independent-site equation 
P � 
Pmax(x/KD,app �
x), where 
Pmax represents the calculated maximal fluorescence polariza-
tion change, x represents the free RNA concentration, and KD,app repre-
sents the apparent equilibrium dissociation constant for RNA binding.

Transfer of m7GMP from the covalent m7GMP-nsP1 to RNAs (RNA
capping). The covalent nsP1-m7GMP intermediate was prepared at 30°C
for 2 h in a 20-�l solution that contained 2 �M enzyme, 50 �Ci of [�-
32P]GTP (830 nM), 50 mM Tris (pH 7.0), 2 mM DTT, 10 mM KCl, 2 mM
MgCl2, and 100 �M AdoMet. Then 2 �l of the 32P-labeled covalent inter-
mediate was mixed with 18 �l of solution that contained 50 mM Tris (pH
7.0), 2 mM DTT, 2 mM MgCl2, and 2 �M RNA molecule, and the mixture
was incubated at 30°C for 1 h. When the reaction was over, half of the
reaction mixture was subjected to SDS-PAGE (10%) analysis, and the
other half was subjected to 7 M urea-PAGE (20%). To examine the cap
structures formed at the 5= end of RNA molecules, the radiolabeled RNA
product was precipitated with ethanol in the presence of glycogen (Sigma;
number G1767). Then the precipitated RNA was dissolved in a 30-�l
solution containing 50 mM sodium acetate (pH 5.3), 1 mM ZnCl2, and 1
U of nuclease P1. Twenty microliters of the reaction mixture was incu-
bated at 37°C for 60 min in the presence of 1 U of nuclease P1 (Sigma;
number N8630). The remaining 10 �l of reaction mixture treated with
nuclease P1 was subsequently incubated at 37°C for 60 min in the presence
of 1 �l of 10� dephosphorylation buffer and 1 �l of calf intestinal alkaline
phosphatase (CIAP) (Life Technologies; number 18009). The resulting
products were loaded on a 7 M urea-PAGE gel (20%) to assess the pres-
ence of m7GpppAUGGGCGGCGCAAGA before treatment and released
m7GpppA. The vaccinia virus (VV) capping system (vac-CE) (New Eng-
land Biolabs; number M2080S) was used as a positive control for RNA
capping and cap detection.

RESULTS
Production and purification of VEEV nsP1. To explore the
mechanism of the VEEV mRNA capping reaction, the wild type
(wt) and nine mutants of VEEV nsP1 were produced and purified
with a 6�His tag fused to their C termini. All the residues selected
for alanine substitution are strictly conserved within the alphavi-
rus genus except E118, which is replaced by another acidic amino
acid (D) in most versions of nsP1 (Fig. 1). Among the mutants,
H37 is supposedly involved in m7GMP binding, while D63 would
participate in AdoMet binding (22). Residues E118 and N375
were reported to be important for minus-strand RNA synthesis
during virus replication of other alphaviruses (39–41). No func-
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FIG 1 Amino acid sequence comparison of selected alphavirus nsP1 proteins. nsP1 sequences were aligned by T-coffee (70). Secondary-structure predictions for
VEEV nsP1 were obtained by PSIPRED (71). Secondary structural elements with a reliability are marked with squiggles (� helices) or arrows (�-strands). If
reliability is low, helices appear as small squiggles, �-strands appear as dotted lines, and labels are not written. Amino acids mutated in the course of this study
are marked with asterisks. SINV, Sindbis virus; SFV, Semliki Forest virus; ONNV, O’nyong-nyong virus; CHIKV, Chikungunya virus; SPDV, salmon pancreas
disease virus.
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tional information is available for H45, Y285, D354, R365, and
N369 so far, but they are located in highly conserved sequence
stretches within alphavirus nsP1. After two steps of affinity puri-
fication (IMAC and heparin), the purified proteins were visual-
ized by SDS-PAGE after Coomassie blue staining. The main pro-
tein band corresponding to nsP1 (95%) was detected at 65 kDa,
and a minor contaminant was detected around 60 kDa (5%) (Fig.
2A). The identities of both proteins were determined by matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometry after trypsin digestion. They were full-length
nsP1 and the E. coli heat shock protein Hsp60 (data not shown).
Attempts to get rid of Hsp60 by including an additional purifica-
tion step were unsuccessful.

Formation of a covalent m7GMP-nsP1 complex. The putative
formation of a covalent m7GMP-nsP1 intermediate was first in-
vestigated using SDS-PAGE after incubation of VEEV nsP1 with
radiolabeled [�-32P]GTP in the presence of the methyl donor
AdoMet. The time course analysis results presented in Fig. 2A
indicates a progressive accumulation of a radiolabeled complex
migrating at the apparent molecular size of nsP1 (�65 kDa). Di-
valent cations, Mn2� or Mg2�, as well as AdoMet are essential for
the formation of the covalent complex (Fig. 2B). The optimal pH
was around 7, and the standard reaction buffer contained 50 mM
Tris (pH 7.0), 100 �M AdoMet, and 2 mM magnesium. The for-
mation of radiolabeled complex was also analyzed in the presence
of [�-32P]GTP, [�-32P]GTP, or [�-32P]ATP in order to investigate
the specificity of the reaction. Figure 3 indicates that labeled cova-
lent complex is specific for [�-32P]GTP. The absence of labeling in
the presence of [�-32P]GTP or [�-32P]GTP indicates that al-
though covalent bonding may occur, both � and � phosphates are
released during the formation of a GMP- or presumably m7GMP-
nsP1 adduct. As presented below (see Fig. 6), an antibody recog-
nizing the m3G/m7G-cap but not G-cap structures (42) is able to
detect the guanylylated nsP1 in Western blotting, suggesting that
the complex is m7GMP-nsP1 as described in the case of SINV and

SFV nsP1 (21). Together, these data suggest that VEEV nsP1 co-
valently binds m7GMP in an AdoMet-dependent reaction.

To further investigate the nature of the covalent link between
m7GMP and nsP1, the stability of the m7GMP-nsP1 intermediate
was compared to that of vaccinia virus (VV) capping enzyme (CE)
linking GMP by phosphoamide bond with the ε-amino group of a
lysine [CE-(lysyl-N)-GMP]. Guanylylated intermediates were
formed by incubation of nsP1 or VV CE with [32P]GTP in the
presence or absence of AdoMet. The complexes were next incu-
bated in various buffers in order to follow their stability under
different reaction conditions. Figure 4 indicates that the m7GMP-
nsP1 intermediate is stable at neutral pH (lane 2) or at alkaline pH
(lane 4) but sensitive to low pH like for VV CE (Fig. 4) (43). These
results suggest that a phosphoamide bond links GMP to a histi-
dine or a lysine residue (44). The nature of the linkage was further
examined by treatment of the m7GMP-nsP1 intermediate with
hydroxylamine (0.1 M and 1 M) at pH 7.5. As shown in Fig. 4, the

FIG 2 Preliminary characterization of VEEV nsP1. (A) Purified wt nsP1 loaded on a 10% Coomassie blue-stained SDS-PAGE gel (left) and time course analysis
of the formation of the covalent m7GMP-nsP1 intermediate (right). The activity assays were carried out at 30°C by incubating nsP1 with [�-32P]GTP and AdoMet
for various times as described in Materials and Methods. The reaction products were separated by SDS-PAGE followed by autoradiography analysis. (B) Effects
of AdoMet, pH, and divalent ions on the formation of the covalent m7GMP-nsP1 intermediate. The numbers of photostimulated luminescence events (PSL-BG)
per square millimeter were determined by Image Gauge software.

FIG 3 Substrate and cofactor specificity for m7GMP-nsP1 formation. Shown
are the results of analysis of the covalent m7GMP-nsP1 intermediate formed
with [�-32P]GTP, [�-32P]GTP, [�-32P]GTP, or [�-32P]ATP. The activity as-
says were carried out at 30°C by incubating the nsP1 with [�-32P]GTP, [�-
32P]GTP, [�-32P]GTP, or [�-32P]ATP in the presence of AdoMet and/or
Mg2�. The reaction products were separated by SDS-PAGE, followed by au-
toradiography analysis.
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m7GMP-nsP1 intermediate was labile when incubated with neu-
tral hydroxylamine, whereas the VV CE-GMP complex contain-
ing a phosphoamide bond with a lysine was resistant under these
experimental conditions. Hydroxylamine at neutral pH was re-
ported to be able to hydrolyze phosphoamide bonds involving
histidine residues in several proteins (43–46), whereas efficient
hydrolysis of the phosphoamide bond with lysine, like in the VV
CE-GMP complex, requires a high concentration (4 M) of hy-
droxylamine under a mildly acidic condition (pH 4.8) (43, 47, 48).
We therefore conclude that the m7GMP is linked to a histidine
residue through a phosphoramide bond.

Specific requirements of the MTase and the formation of
m7GMP-nsP1 complex. Uncoupling the MTase from the GT
would allow the specific characterization of these two enzymatic
steps leading to the formation of m7GMP-nsP1 adduct. To make it
possible, we set up a filter-based assay in order to specifically fol-
low the methylation step using a nonhydrolyzable GTP molecule
(GIDP). Since the formation of enzyme-NMP intermediates using
a �-� nonhydrolyzable bond has already been reported (49), we
first demonstrated that GIDP is unable to make a covalent link
with nsP1 (data not shown). Additionally, an immunoassay based
on the detection of m7G by specific antibodies was developed to
further depict the guanylylation of nsP1.

The AdoMet-dependent MTase activity of nsP1 was first char-
acterized by measuring the transfer of a 3H-labeled methyl group
from [3H]AdoMet to the methyl acceptor GIDP. After the MTase
reaction, the unbound [3H]AdoMet was separated from the ac-
ceptor molecule by DEAE filter assay and the radioactivity associ-
ated with the substrate bound to the filter was counted. The time
course experiment results presented in Fig. 5A indicate that the
reaction efficacy is slightly higher for GIDP than for GTP. One can
also conclude that the methylation can be followed using GIDP
instead of GTP in order to decouple MTase and GT reaction, with
no risk that the resulting product can guanylylate nsP1 and con-
sequently affect MTase activity. The GIDP-based assay was used to
investigate the Mg2� dependency of the methylation reaction. In-
terestingly, Fig. 5B indicates that the MTase activity of nsP1 is
Mg2� independent, as 5 mM EDTA does not block the reaction.
We also noticed that the addition of increasing concentrations of
Mg2� slightly decreases the MTase activity in a dose-dependent
manner.

We next explored the Mg2� dependency of the formation of
the m7GMP-nsP1 complex (GT) starting from m7GTP. Since [�-
32P]m7GTP was not commercially available, we developed an im-
munoassay to follow the formation of m7GMP-nsP1 complex.
Briefly, VEEV nsP1 was incubated with GTP plus AdoMet or
m7GTP, and the reaction products were then separated on a 10%
SDS-PAGE gel before immunoblotting. The m7GMP-nsP1 com-
plex was detected by using an antibody recognizing specifically the
m3G/m7G cap structures, although m7GMP-nsP1 intermediate
does not constitute an RNA cap per se. Figure 6A shows that with
GTP, AdoMet, and Mg2� (lane 1), a complex migrating at the size
of nsP1 can be detected by the antibodies. However, in the absence
of Mg2� or AdoMet, only a slight fraction of m7GMP-nsP1 was
detected. Figure 6A also indicates that the bonding of m7GMP
onto nsP1 can be efficiently obtained using directly m7GTP, but
only in the presence of Mg2� ions and AdoHcy (lane 5), the by-
product of the MTase reaction. AdoMet does not play the activat-
ing role when incubated with nsP1 and m7GTP. The requirement
of AdoHcy and not AdoMet for the GT reaction suggests that the
MTase reaction producing AdoHcy has to occur to allow the
downstream GT reaction. Additionally, we also show that m7GTP
is the preferred substrate for nsP1 guanylylation (Fig. 6B) and that

FIG 4 Characterization of the phosphoamide bond between VEEV nsP1 and
m7GMP by chemical treatments. The m7GMP-nsP1 or vaccinia virus
GMP-CE intermediates formed as described in Materials and Methods were
incubated separately with 0.1 M Tris-HCl buffer (pH 7.5), 0.1 M HCl, 0.1 M
NaOH, or 0.1 M or 1 M hydroxylamine (pH 7.5) at 37°C for 45 min, then
separated by 10% SDS-PAGE, and subjected to autoradiography analysis.

FIG 5 nsP1 MTase activity. (A) Time course experiment. The methylation reaction mixture containing GTP or guanylylimidodiphosphate (GIDP), S-adenosyl-
[methyl-3H]methionine, AdoMet, and nsP1 was incubated at 30°C. Reaction samples were collected at different times, and the radioactivity (corrected counts per
minute [CCPM]) associated with GTP or GIDP was measured by filter binding assay as described in Materials and Methods. The data presented are means from
three independent experiments, with standard deviations indicated. (B) Effect of magnesium on nsP1 MTase activity. The methylation reaction was performed
at 30°C for 2 h in the presence of GIDP, S-adenosyl-[methyl-3H]methionine, AdoMet, nsP1, and 5 mM EDTA or increasing concentrations of magnesium.
Reaction samples were collected and the radioactivity associated with of GIDP was measured by filter binding assay as described in Materials and Methods. The
data presented are means from three independent experiments, with standard deviations indicated.
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cap analogs mimicking VEEV mRNA (m7GpppA and m7GpppG)
cannot form a covalent binding with nsP1 as expected, suggesting
that the viral RNA capping is probably not a reversible mecha-
nism.

Mutagenesis analysis of the MTase and GT activities. To de-
termine the role of conserved amino acid residues (Fig. 1) in both
nsP1 activities (MTase and GT), we first examined the formation
of the covalent intermediate by incubating the nsP1 mutants with
[�-32P]GTP in the presence of AdoMet. The effects of the muta-
tions, presented in Table 1 and Fig. 7, could be grouped into four
categories: (i) mutations H37A and D63A completely abolish
the formation of m7Gp-nsp1 complex; (ii) Y285A, N369A, and
N375A substitutions lead to a decrease in the formation of the
covalent complex; (iii) D354A and R365A mutations increase the
complex formation; and (iv) H45A and E118A substitutions

barely affect the nsP1 activity. To further understand the role of
the mutations in each enzymatic activity, the effects of the nsP1
mutations on the MTase and GT activities were characterized sep-
arately.

The methyltransferase activities of the VEEV nsP1 mutants
were determined as described above, by following the transfer of
3H-methyl group from [3H]AdoMet to GIDP (Table 1). D63A
and Y285A mutants show the weakest MTase activity, the H45A,
N369A, and N375A mutants showed more than 50% of the MTase
activity of the wild type, and the H37A, D354A, and R365A mu-
tants were about 30% more efficient than the wild type for the
methyltransfer on GIDP.

The nsP1 mutant proteins were also analyzed for the ability to
form the covalent intermediate m7GMP-nsP1 in the presence of
m7GTP and AdoHcy. The immunoassay results presented in Ta-
ble 1 indicate that the H37A, D63A, and Y285A mutants block the
formation of the m7GMP-nsP1 complex, whereas the N369A and
N375A mutants resulted in only moderately reduced activities and
mutations at D354 and R365 increased the activity 2- to �3-fold.
Together, these results indicate that H37 plays a crucial role in the
formation of the phosphoramide link with m7GMP, with no sig-
nificant effect on the MTase activity of nsP1. The mutagenesis
experiments also demonstrate that D63A and Y285A limit both
MTase and GT, suggesting a strong interplay between the two
enzymatic activities. The latter observation is also supported by
the stimulation of m7GMP binding by AdoHcy, a product of the
MTase reaction (Fig. 6A).

RNA capping: the guanylyltransferase activity. The RNA-
capping mechanism in alphaviruses should involve the recruit-
ment of an RNA to nsP1 in order to allow the m7GMP transfer
onto its 5=-diphosphate end, generating a capped RNA. We first
compared the RNA binding properties of nsP1 with a 15-nucleo-
tide RNA mimicking the 5= end of the VEEV genome using the
fluorescence polarization (FP) technique. The 5= tri-, di-, and
monophosphate, capped, and hydroxyl RNAs were synthesized
and labeled with Cy5 at the 3= end. The different RNAs were then
incubated with increasing concentration of nsP1, and the change
in fluorescence polarization resulting from RNA-protein interac-
tion was followed at 675 nm (Fig. 8). Higher polarization values
were obtained with 5=-phosphorylated RNAs, yielding very simi-
lar KDs (2.6, 3.5, and 2.2 �M for tri-, di-, and monophosphory-
lated RNAs, respectively). In contrast, the presence of a cap struc-
ture or a hydroxyl group at the 5= end of RNA strongly reduced the

FIG 6 Substrate and cofactor specificity of the GT reaction. (A) The guanyly-
lation mixture containing m7GTP or GTP, AdoHcy or AdoMet, with or with-
out 2 mM MgCl2, and nsP1 was incubated at 30°C for 2 h. (B) Guanylylation of
nsP1 with AdoHcy, MgCl2, using different possible substrates (m7GTP,
m7GDP, m7GpppA, m7GpppG, or no substrate), was analyzed by Western
blotting using anti-m3G/m7G-Cap antibody as described in Materials and
Methods.

TABLE 1 Relative activities of various nsP1 mutants compared to wild-
type nsP1

nsP1
m7GMP-nsP1
formationa (%) Methylation (%) Guanylylation (%)

Wild type 100 100 100

Mutants
H37A 1  1 154  15 0
H45A 90  3 50  1 128  18
D63A 0 21  3 2  2
E118A 113  18 74  14 87  18
Y285A 16  4 33  12 20  14
D354A 371  12 132  12 187  14
R365A 379  51 125  9 233  24
N369A 51  12 52  10 61  21
N375A 47  12 63  14 53  14

a “m7GMP-nsP1 formation” refers to the detection of guanylylated nsP1 in the presence
of [�-32P]GTP and AdoMet. Values are means  standard deviations.

FIG 7 Effect of mutations on coupled MTase and GT. (A) Purified nsP1
mutants loaded on a 10% Coomassie blue-stained SDS-PAGE gel. (B) Forma-
tion of the m7GMP-enzyme intermediate after incubation of the nsP1 mutants
with [�-32P]GTP in the presence of AdoMet as described in Materials and
Methods.
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interaction and the plateau of fluorescence was not reached under
our experimental conditions, highlighting the requirement of the
phosphorylated 5= end for RNA recruitment.

To demonstrate the guanylyltransfer onto the RNA, the dif-
ferent RNAs were then incubated with the preformed [�-
32P]m7GMP-nsP1 complex (Fig. 9A). The incubation resulted in
a decrease of the [�-32P]m7GMP-nsP1 complex when di- and
triphosphate RNAs were added and a concomitant radiolabeling
of RNA on a urea-PAGE gel was observed, but the radiolabeling
transfer was more efficient for the 5=-diphosphate RNA than for
triphosphate and monophosphate RNAs. No transfer was ob-
served using the 5= hydroxyl RNA, as expected. The four nsP1
mutants which are able to form the m7GMP-nsP1complex
(H45A, E118A, D345A, and R365A mutants) were also tested for
the ability to transfer m7Gp on the 5= end of RNA. They all dis-
played cap binding activity (data not shown). As for the MTase
and GT activities, D345A and R365A mutations resulted in an
efficiency higher than that of the wild type. Regarding H45A and
E118A, no major difference in GTase activity from the wild type
nsP1 protein was observed (data not shown).

In order to further characterize the cap structure at the 5= end,
the product of the RNA capping reaction by VEEV nsP1 was di-
gested with P1 nuclease, and the cap structures, resistant to nu-
clease P1 digestion, were analyzed (Fig. 9B). An additional treat-
ment with CIAP was performed to confirm the presence of a cap
structure. The resulting products were compared to a cap-0 struc-
ture obtained using the vaccinia virus capping system followed by
nuclease P1 and CIAP treatments. A bona fide m7GpppA cap
structure could be observed after incubations with P1 nuclease
and CIAP. These results demonstrate for the first time that a cap
can be formed on a 5=-diphosphate VEEV RNA end by an alpha-
virus nsP1. In addition to the cap, another nuclease P1 product
could be observed, corresponding to labeled GMP or m7GMP.
This product, also present in the vaccinia virus capping system,
could correspond to released m7GMP from remaining VEEV nsP1
and VV CE, since the nuclease P1 reaction was performed at low
pH (5.3), a condition under which the phosphoramide bonds
were shown to be unstable (Fig. 4).

Effects of inhibitors on VEEV nsP1. Since RNA capping is
essential for the translation initiation and the control of innate
immunity, nsP1 is a key enzyme in alphavirus replication and thus
an attractive target for the development of antiviral compounds
limiting nsP1 functions related to RNA capping. Three reference
compounds were assessed for their potencies to inhibit the MTase
reaction and/or the GT. We selected sinefungin, an AdoMet ana-
log which was previously shown to be a potent inhibitor of viral
cap MTases (50–52); aurintricarboxylic acid (ATA), a known in-
hibitor of flavivirus mRNA capping (53); and the triphosphate

FIG 8 Binding of RNA to VEEV nsP1 assessed by fluorescence polarization.
3= Cy5-labeled 15-mer RNAs with different 5= ends, i.e., 5=pppRNA (�),
5=ppRNA (Œ), 5=pRNA (�), 5=RNA (�), and 5=GpppRNA (�), were incu-
bated in increasing concentrations of VEEV nsP1.

FIG 9 Transfer of m7GMP from the covalent nsP1-m7GMP intermediate to
RNA and characterization of the cap structure. (A) m7GMP transfer from nsP1
to the RNA. 5=-Diphosphate RNA was incubated with the VV CE in the pres-
ence of AdoMet and [�-32P]GTP (lane 1), no substrate (lane 2), 5=-triphos-
phate RNA (lane 3), 5=-diphosphate RNA (lane 4), 5=-monophosphate RNA
(lane 5), and 5=-hydroxyl RNA (lane 6) and with the 32P-labeled covalent
nsP1-m7GMP intermediate at 30°C. Then half of the reaction mixture was
subjected to SDS-PAGE (10%) analysis (top) to check the decrease of the
32P-labeled covalent nsP1-m7GMP intermediate, and the other half was sub-
jected to 7 M urea-PAGE (20%) (bottom) to show the produced m7Gp*ppA
UGGGCGGCGCAAGA RNA. (B) Characterization of the cap structure. No
RNA (lanes 1, 2, and 3) and 5=-diphosphate AUGGGCGGCGCAAGA RNA
were incubated with the 32P-labeled covalent nsP1-m7GMP intermediate
(lanes 4, 5, and 6) at 30°C for 2 h. 5=-Diphosphate AUGGGCGGCGCAAGA
RNA was also incubated with vaccinia virus (Vac) CE in the presence of
AdoMet and [�-32P]GTP at 37°C for 60 min (lanes 7, 8, and 9). The reaction
products were recovered by ethanol precipitation and then treated with nu-
clease P1 (lanes 2, 5, and 8) or with nuclease P1 then CIAP (lanes 3, 6, and 9).
The resulting products were loaded on a 7 M urea-PAGE (20%) to assess the
presence of m7GpppAUGGGCGGCGCAAGA and released m7GpppA. Lines
along the edge of the urea-PAGE gel indicate the migration positions of mark-
ers GTP, GDP, and m7GpppA.
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form of ribavirin, known for its broad spectral antiviral effect
against alphaviruses and for which resistance substitutions were
observed in the nsP1 sequence (54).

The inhibition of the MTase activity was first addressed. For
this purpose, VEEV nsP1 was incubated with [3H]AdoMet and
GIDP with increasing concentrations of sinefungin, ATA, and
ribavirin triphosphate. Figure 10A shows that the MTase activity
was efficiently inhibited by sinefungin, with an IC50 at 1.5 �M, and
to a lower extent by ATA (IC50 � 57 �M). In contrast, ribavirin
5=-triphosphate poorly inhibited the MTase activity, with an IC50

above 1 mM.
The effects of these molecules on nsP1 guanylylation were then

tested. nsP1 was incubated together with m7GTP and AdoHcy in
the presence of increasing concentrations of sinefungin, ATA, and
ribavirin triphosphate, and the formation of the covalent complex
was followed by Western blotting using the antibody anti-m3G/
m7G-cap. As for the MTase reaction, sinefungin and ATA inhib-
ited nsP1 GT with IC50s of 29 and 6.4 �M, respectively, whereas
ribavirin 5=-triphosphate was a poor inhibitor, with an IC50 close
to 500 �M (Fig. 10B). If both sinefungin and ATA are active
against both nsP1 functions, their highest potencies are against the
MTase activity and the nsP1 GT, respectively.

DISCUSSION

Cytoplasmic RNA viruses have evolved unconventional mRNA
capping mechanisms to efficiently protect their RNA from nu-
clease degradation, initiate protein translation, and escape innate
immunity (16). Since the 1990s, many studies have reported the
functional characterization of OW alphavirus nsP1, identifying
two main functions in the viral mRNA capping, namely, the meth-
ylation of GTP due to the MTase activity and the nsP1 guanylyla-
tion (GT). However, the last putative capping step, i.e., the trans-
fer of the m7GMP from nsP1 on the 5=-diphosphate RNA, had
never been demonstrated in vitro. In order to get insight into al-
phavirus RNA capping, we selected VEEV, the model of NW al-
phavirus for which nsP1 enzymatic activities had not been ex-
plored yet. In this work, we demonstrate that purified VEEV nsP1
carries both Mtase and GT activities and performed the guanylyl-
transfer on a ppRNA. We show that the first step of the VEEV
capping process consists of the AdoMet-dependent methylation
of the GTP molecule by nsP1 (MTase activity). m7GTP subse-
quently forms a covalent link with nsP1 (m7GMP-nsP1), releasing

PPi (GT reaction). In the presence of ppRNA mimicking the 5=
end of the VEEV genome, the m7Gp can be next transferred to the
5= end (RNA capping), generating capped RNA.

The uncoupling of the MTase from the GT shows that the
MTase activity does not require divalent ions, whereas GT is Mg2�

or Mn2� dependent. This feature is conserved among alphavirus
nsP1 enzymes (17–19) and alphavirus-like capping enzymes (34).
The AdoMet-AdoHcy balance on the nsP1 functions was also
shown to have a regulatory effect on the MTase and GT activities.
First, we show that AdoHcy, the by-product of the methyltransfer
reaction, poorly inhibits nsP1 MTase activity (data not shown).
Similar weak inhibition effect was already reported for other viral
MTases, for which AdoHcy has an IC50 in the range of 10 to 100
�M (50, 55, 56). In contrast, we also demonstrated that as for SFV
nsP1 and bamboo mosaic virus (BaMV) capping enzyme (22, 57),
the GT activity is strongly stimulated by AdoHcy. Indeed, when
the MTase reaction was bypassed by using m7GTP as the sub-
strate, the nsP1 guanylylation could not occur, except when the
reaction buffer was supplemented with AdoHcy. AdoHcy thus
plays a crucial role in the interplay between the nsP1 functions,
probably not by competition with AdoMet for the MTase inhibi-
tion but rather by inducing conformational changes favoring the
GT reaction. During the preparation of the manuscript, Gullberg
and coworkers showed that AdoMet and consequently AdoHcy
are not necessary to produce the m7GMP-nsP1 product (58).
However, the study was performed in the presence of GTP-ATTO
680, a GTP analog whose modification in position 8 could possi-
bly affect the chemical properties of GTP and favor the guanyly-
lation reaction.

In an effort to further characterize the covalent link formed
during GT reaction, we used [�-32P]GTP, [�-32P]GTP, and [�-
32P]GTP as substrates. The covalent binding assay demonstrated
that � and � phosphates are hydrolyzed during formation of the
m7Gp-nsP1 adduct. Using cap analogs, GTP, m7GDP, or m7GTP,
we also confirmed that the preferred substrate for the guanylyla-
tion is GTP (in the presence of AdoMet) or m7GTP. Strikingly,
m7GDP is also able to covalently bind to nsP1, also to a lesser
extent than m7GTP, but since nsP1 is poorly active as a methyl-
transferase on GDP (59), one can wonder if m7GDP is a biologi-
cally relevant substrate in the cell. Western blotting demonstrated
that the resulting product of GT reaction is m7GMP linked with
nsP1. The nature of the linkage was also assessed by hydrolysis in

FIG 10 Inhibition of VEEV nsP1 methylation and guanylylation activities. (A) Inhibition of VEEV nsP1 methylation was tested by incubating nsP1 with
guanylylimidodiphosphate (GIDP), S-adenosyl-[methyl-3H]methionine, and AdoMet in the presence of increasing concentrations of sinefungin, ATA, or
ribavirin triphosphate (3P) at 30°C for 1 h. (B) Inhibition of VEEV nsP1 guanylylation was tested by incubating nsP1 with m7GTP, AdoHcy, and MgCl2 in the
presence of increasing concentrations of sinefungin, ATA, or ribavirin 3P at 30°C for 1 h. Reaction samples were collected and analyzed by experimental
procedures given in Materials and Methods. The data presented are means from three independent experiments, with standard deviations indicted. (C) IC50s of
the three compounds are illustrated.
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different buffers and by mutagenesis analysis. Together, the re-
sults demonstrate that the m7GMP should be linked to histidine
37 through a phosphoramide bond, an observation in agreement
with previous studies performed with OW alphavirus (21). This
result confirms again the unique feature of mRNA capping within
the alphavirus-like supergroup (20), accomplishing the methyl-
transfer reaction before cap formation and thus opening a narrow
window for specific antiviral targeting.

The functional study reported herein provided also the first
experimental evidence that in vitro the m7GMP moiety can be
ultimately transferred onto the viral ppRNA to form the capped
RNA in alphavirus (Fig. 9). Fluorescence polarization experi-
ments with labeled 5= ends of VEEV mRNA showed that nsP1 is
able to bind specifically 5=-phosphorylated RNA. When these
RNA are added to pre-prepared m7GMP-nsP1, m7GMP is re-
leased from nsP1 and transferred to an RNA, with the greatest
efficacy for 5=-diphosphate RNA. However, a poor transfer on a
triphosphate RNA could also be observed, suggesting that either
an unconventional cap (m7GppppRNA) is formed in vitro, as ob-
served for in vesicular stomatitis virus (VSV) mRNA capping (60),
or the triphosphate group of the RNA is not stable under the
reaction conditions. In the presence of the diphosphate RNA, the
presence of a cap-0 structure was confirmed after RNA digestion
by P1 nuclease and CIAP treatments.

Point mutation experiments are powerful tools to assess the
contributions of specific residues in different enzymatic activities
carried out by nsP1, especially in the absence of structural data.
The mutants generated in our case revealed that the MTase and
the nsP1 GT reactions can be to a certain extent uncoupled in
terms of residues involved in each activity. Hence, the H37A sub-
stitution inhibits the guanylylation reaction probably by abolish-
ing the phosphamide bond formation with m7GMP, which could
involve this specific amino acid. In contrast, the H37A mutant
displayed enhanced MTase activity. A similar effect was observed
in SFV, where the corresponding mutant conserved the ability to
bind to the AdoMet cofactor and perform the methyltransfer on
GTP without forming the complex intermediate (22). These re-
sults, together with the conservation of this histidine within alpha-
viruses and alphavirus-like viruses, support strongly that the H37
located in the GTP binding site forms the phosphoramide bond.
The substitution of H45, which might be also a candidate for gua-
nylylation, exhibits an opposite effect, i.e., a decreased MTase ac-
tivity with a slight increase in the GT reaction, and cannot be the
m7GMP acceptor. The D63A mutation yielded a reduction of the
MTase and abolished the GT activity. This mutation is located in
the consensus site UU[D/E]Uooxo (ILDIGSAP sequence in VEEV
nsP1), where U represents hydrophobic acids, “o” small residues
(often a G), and x any amino acid (22, 61). The mutation of the
aspartic acid might prevent the recruitment of AdoMet and Ado-
Hcy, known to be stabilized in MTase by a bridge network de-
pending on D63 (62), and thus the activation of the MTase and
GT, respectively. So far, the role of the C-terminal part of nsP1 in
the capping reactions has been poorly investigated. Y285A,
N369A, and N375A substitutions decrease but do not abolish both
MTase and nsP1 GT activities, whereas D354A and R365A stim-
ulate the two functions. In SINV, the last four mutations are lo-
cated in a region found to be involved in minus-strand RNA syn-
thesis (63), and this role would result from an interaction between
nsP1 and nsP4 (39, 41, 64). Since the mutations affect the MTase
and GT in the same direction—positively or negatively—and they

are located in a putative interacting domain far from the catalytic
site, these results suggest that the substitutions either destabilize
further the recombinant nsP1 in the absence of nsP4 (N369A and
N375A) or stabilize nsP1 by modifying the charge at its surface
(D354A and R365A). The two stabilizing substitutions, D354A
and R365A, also improve the guanylyltransfer on RNA, reinforc-
ing the role of these mutations in protein stabilization (data not
shown).

Because of its unconventional mechanism, alphavirus mRNA
capping is an attractive target for the design of specific inhibitors.
However, nsP1 has been poorly addressed to date as an antiviral
target, and except several guanosine or cap analogs (59), no small
molecules have been tested against nsP1. We took advantage of the
protocols we developed for the functional characterization of
VEEV nsP1 to assess the inhibitory effects of three molecules.
Sinefungin, an AdoMet/AdoHcy analog, was tested as a competi-
tive inhibitor. Sinefungin strongly inhibits nsP1 MTase and also
limits the formation of the m7GMP-nsP1 complex. It is likely that
sinefungin can affect nsP1 functions at two levels: it inhibits the
methyltransfer by competing with the methyl donor AdoMet and
prevents from the activation of AdoHcy in the GT reaction. This
result confirms that the two enzymatic functions are closely inter-
twined. Although ATA results in the same effects on the MTase
and GT, its role is more elusive since it can inhibit a large range of
proteins, including hepatitis C virus (HCV) NS3 or influenza vi-
rus neuraminidase (65, 66). Concerning ribavirin and its phos-
phorylated derivatives, it is commonly accepted that it is a broad-
spectrum antiviral molecule that probably inhibits the cellular
enzyme IMP dehydrogenase (IMPDH) through 5=-monophos-
phate ribavirin, thus depleting the cellular GTP pool required for
virus replication. However, for Lassa virus, the antiviral effect of
ribavirin is not predominantly a result of IMPDH inhibition (67).
Among alphaviruses, viruses resistant to ribavirin possess muta-
tions at the N terminus of nsP1, in contrast to the sensitive ones
(54). Since we could not find any potent inhibition of the MTase,
GT, or RNA capping by ribavirin 5=-triphosphate (data not shown
for the last step), we can exclude that its antiviral effect is directly
due to capping inhibition and deduce that it is more likely an
indirect effect on the cellular GTP concentration (68).

In conclusion, this study showed for the first time an enzymatic
characterization of the peculiar RNA capping processed by alpha-
virus nsP1. The MTase and GT activities already reported for nsP1
for several OW alphaviruses were confirmed and further charac-
terized for the NW alphavirus model. Moreover, cap formation
was observed in the presence of m7GMP-nsP1 and 5=-diphosphate
RNA, confirming the proposed capping model (21). The RNA
structure, length, and sequence specificity driving the cap forma-
tion still remain to be elucidated (69), and this can now be ad-
dressed by testing a larger set of RNAs. The functional enzymatic
assays developed for uncoupling MTase, GT, and guanylyltransfer
on the RNA for the functional characterization will also benefit
research to help understand the mechanism of action of com-
pounds targeting nsP1.
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